In-mold assembly can be used to create mesoscale articulating polymeric joints that enable the miniaturization of devices, reduction of production costs, and increase in throughput. One of the major challenges in miniaturizing devices using in-mold assembly is to develop appropriate characterization techniques and modeling approaches for the interaction between polymer melt flow fronts and premolded components. When a high speed, high temperature second stage melt comes in contact with a premolded mesoscale component having similar melting temperatures, the premolded component * e-mail:arvinda@umd.edu † Corresponding author: Address: Department of Mechanical Engineering, 2181 Glenn L. Martin Hall, College Park, MD 20742, USA; phone: 301-405-5306; fax: 301-314-9477; e-mail:skgupta@eng.umd.edu ‡ e-mail:bruck@eng.umd.edu 1 can experience significant plastic deformation due to thermal softening and the force associated with impingement of the melt flow front. In our previous work, we developed methods to inhibit the plastic deformation by supporting the ends of the mesoscale premolded components. In this paper, we present an alternative strategy for controlling premolded component deformations. This involves a mesoscale in-mold assembly strategy having a multi-gate mold design for bidirectional filling. This strategy permits in-mold assembly using polymers with comparable melting points. This paper demonstrates the technical feasibility of manufacturing in-mold assembled mesoscale revolute joints using this bi-directional filling strategy. An experimental technique was developed for characterizing the transient impact force of the melt flow front on premolded components inside of a mold. The experimental data was used to validate a new computational model for predicting the effects of melt flow front position in order to minimize plastic deformation of premolded component using the bi-directional filling strategy.
The in-mold assembly process has been previously used to manufacture macroscale and mesoscale articulating joints [3, 4] . Articulating joints manufactured using in-mold assembly find potential applications in miniature robotics where small but precise relative movements between miniature parts are necessary. These movements enable appropriate actuation and positioning of the robot to perform its designated task. An example of a potential application is in medical robotics for neurosurgical applications [5] . This process involves injection of different components of the revolute joint assembly into a mold sequentially or in different stages. Mold pieces are moved before each injection to create shut off surfaces between different parts of the mold cavity which are filled during each step of the in-mold assembly process. When all steps are completed, a fully assembled revolute joint is ejected from the mold cavity. The material combination used for in-mold assembly should be chosen such that they are chemically incompatible, i.e., they have no tendency of adhering to each other during and after injection molding.
During the in-mold assembly process, a premolded component is placed inside a second stage molding cavity [6, 4] . This premolded component is subjected to thermal and mechanical loading due to the injection molding process. At the macroscale, this loading is insufficient to cause any structural change in the premolded component. However at the mesoscale, one can observe significant plastic deformation in the premolded component. This problem arises due to the fact that, owing to their sizes, the mesoscale parts have significantly less structural rigidity and thermal resistance compared to the macroscale parts. However, the mechanical and thermal loading is not significantly reduced at the mesoscale. Due to this fundamental difference in macroscale and mesoscale in-mold assembly, fundamentally different molding processes need to be employed for the two cases [6] . For this, we have to understand the Satyandra K. Gupta MANU-09-1067effect of the injection molding process on the deformation of the mold. Several researchers have studied this problem for hard molds [7, 8, 9] . Some researchers have also conducted experimental investigations to observe the mold properties in real-time during the injection molding process [10, 11, 12] . Ilinca et al [13] have studied the flow front behavior during the co-injection molding process. This work is relevant from the perspective of investigating the forces applied by the polymer flow on the mold pieces. There have also been several other works investigating the flow of the polymer inside a mold which provide some insight into the mold filling process [14, 15] . However none of the prior work addresses modeling or experimentally recording the transient forces acting on a mold piece due to flow of a polymer around it. From the perspective of the in-mold assembly process, it is imperative to develop this understanding.
Previously, we have developed an in-mold assembly process to inhibit plastic deformation of mesoscale permolded components by constraining them using radial supports [6] . However, it is only suitable for polymer combinations having large differences in melting temperature.
This difference ensures that the premolded component does not undergo thermal softening during its interaction with the high temperature high pressure second stage polymer melt flow. Also, mesoscale features in the premolded components need to be longer than the requirement needed by the design to provide sufficient length for the radial supports. Making such high aspect ratio mesoscale structures increases the mold tooling cost.
The plastic deformation of the premolded component is caused by impingement of the second stage polymer melt on the premolded mesoscale component. This impingement leads to the application of an effective drag force on the premolded component. To overcome the effect of this drag force on the premolded component, an opposing force can be introduced Satyandra K. Gupta MANU-09-1067on the premolded component to minimize plastic deformation. Introduction of this opposing force using bi-directional filling presents an alternate strategy that is preferable to the radial support strategy when using a combination of materials with similar melting points and when tooling costs are a concern.
However, this new strategy introduces new challenges. These challenges include characterizing the forces due to impingement of the melt flow front on premolded components.
Subsequently the effective plastic deformation of the premolded component due to these applied forces also needs to be characterized. This paper answers some of these questions by presenting the following:
1. An experimental technique to measure the forces on the premolded component during the in-mold assembly process.
2. A computational modeling approach to predict the onset of the plastic deformation of the premolded component during the in-mold assembly process using the bi-directional filling strategy. This approach is a metamodel consisting of (a) CFD for predicting the evolution of forces acting on the premolded component due to impingement of the melt flow front, and (b) structural finite element simulations for predicting the deformation of the premolded component due to these forces.
3. This paper is also the first attempt for studying the effect of temporal misalignment of gates on the plastic deformation of premolded components during in-mold assembly processes.
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2 Using Bi-Directional Filling For Controlling Deformation During In-Mold Assembly
As described earlier, during in-mold assembly of mesoscale revolute joints, the mesoscale premolded component tends to deform plastically due to the force applied by the second stage melt flow. This deformation is caused by the unidirectional lateral force applied on the mesoscale features in the premolded component by the second stage polymer melt flow [6] .
If an opposing force is applied to the mesoscale feature on the premolded component, then it is possible to neutralize the force caused by the unidirectional second stage polymer melt flow and inhibit plastic deformation. To realize this force, we introduced a bi-directional filling strategy for the second stage polymer melt. This is illustrated in Figure 1 .
However, in order to completely neutralize the force on the mesoscale feature the gates for the two flows have to be placed exactly equidistant from the mesoscale feature. In several design scenarios it may not be possible for the gates to be aligned exactly. Any misalignment will result in an unequilibrated force on the premolded component. This unequilibrated force may cause plastic deformation of the mesoscale structures in the premolded component.
Another important consideration while using the bidirectional filling strategy is the formation of cold weld lines at the joint interface. This is illustrated in Figure 1 . Weld-lines are formed at the position where the flows from the two gates meet. For some polymers, weldlines are a major source of structural weakness [16, 17, 18] . Hence a weld-line at this position, if weak, may be unacceptable in several design scenarios. Introduction of misalignment in the gate positions could be a possible strategy to move the weld-lines to a structurally less demanding location.
Satyandra K. Gupta MANU-09-1067 6 To address some of these concerns, it is imperative to obtain an understanding of the sensitivity of the plastic deformation of the mesoscale premolded component to any misalignment in the gate locations. This is illustrated in Figure 2 . This gate misalignment may cause plastic deformation of the premolded component as illustrated in the figure.
Section 3 will describe the approach used to build a theoretical predictive model for relating the plastic deformation to the temporal misalignment of gates. Section 4, will describe the experimental setup we used to record the plastic deformation of the premolded In this section, we will outline the issues related to modeling in-mold assembly at the mesoscale. This section presents an approach to develop an understanding of the predominant issue of temporal misalignment faced during bi-directional filling to fabricate mesoscale in-mold assembled revolute joints. In order to develop a complete understanding of the effect of the temporal misalignment on the plastic deformation of the premolded component, we developed a framework to build a simple model. Our objective is to predict the plastic deformation of the premolded component for a given temporal misalignment. This framework can be applied for this class of problems for a wide variety of polymers and injection molding parameters.
Overview of Approach
During the second stage mold filling of the in-mold assembly operation, the mesoscale pre- generality is almost intractable and may not be necessary from the manufacturing point of view. Section 5.1 will describe the specific approach we used to predict the force on the premolded component specific to the geometry and material properties that we have used.
The plastic deformation problem described above can be explained as an effect of transient loading caused by the flow of the second stage polymer melt. The drag force applied by the second stage polymer melt on the mesoscale premolded component monotonically increases with the progress of the flow front [19] . However as the force builds up, an elastic-plastic deformation progressively builds up on the premolded component as well. This is illustrated in Figure 3 . Hence as the flow front progresses further, the force is being applied on a premolded component whose shape is changing.
This force continues to increase monotonically, inducing elastic-plastic deformations on the premolded component until it encounters the opposing flow. Once the flow is stopped by the opposing flow, the drag force on the premolded component stops building up further.
Hence the full blown process modeling problem in its complete generality involves solving an initial value problem with varying force due to flow front progression and elastic-plastic deformation of the premolded component at each time step. In this problem there is diSatyandra K. Gupta MANU-09-1067 From the manufacturing perspective, we are only interested in estimating the onset of plastic deformation of the parts to determine whether the in-mold assembly process is capable of fabricating functional mesoscale revolute joints. Hence, we have attempted to decouple the problem from its full generality to estimate the plastic deformation within acceptable factor of safety limits to meet the needs of manufacturing. As explained previously the physics of the process involves coupling between: (1) force on a mesoscale premolded component as a result of non-newtonian polymer flow around it, (2) the deformation response of the mesoscale premolded component as a result of the applied force, and (3) location of the meeting point of two flows. These processes are well understood phenomena which can be solved using conventional analytical and computational techniques. The following sections will explain the strategy used to obtain these individual solutions and finally combine them to obtain the effective plastic deformation of the premolded component.
Force Modeling on Premolded Component
In the first step, we obtained the force applied on the premolded component due to the second stage melt flow. As the flow progresses, a drag force builds up on the premolded component [19] . This drag force is responsible for causing elastic plastic deformation of the 
Computing Premolded Component Deformations
Next we computed the elastic-plastic deformation of the premolded component as a function of an applied force. We applied a pressure on the premolded component which resulted in polymer melt around the premolded component. This is illustrated in Figure 1 To solve for this deformation, we developed an implicit finite element model using ANSYS 11.0. We modeled the premolded component and meshed it using a line sizing of 12 for the circular cross section of the pin and 60 along its length. We then obtained the solution for the elastic and plastic components of the deformations of the premolded components as a function of the applied pressure. This information was extracted into a metamodel which was used for computing the effective plastic deformation as a function of the flow front progression.
Total Flow Front Progression
The second stage polymer melt flow applies a force on the premolded component until the flow comes to a stop. This stop can be provided either by a mold wall or an opposing flow.
In the bi-directional filling case being considered, the flow is stopped by an opposing flow. Figure 4 illustrates the location of the weld-line (d) for a temporal misalignment of (L1−L2).
Hence it is necessary for us to determine the position of this meeting point. Information about this meeting point can be used to determine the total flow front progression which can subsequently be used to determine the effective plastic deformation.
To computationally predict the location of the weld-line in the in-mold assembled part, we conducted mold filling simulations in Moldflow Plastics Insight 7.1. We extracted a metamodel of this solution and applied it to the iterative computational strategy to compute the effective plastic deformation. This strategy is described in the next subsection.
Iterative Computational Modeling for Obtaining Net Plastic Deformation
In the next step, we discretized the process under consideration and applied the metamodels from the individual phenomena discussed previously. Subsequently we applied the solutions to these individual problems iteratively to develop a solution to the complete problem. The iterative process basically involves discretizing the process into finite elements, applying the metamodels of the individual solutions to each element and then marching forward with respect to time.
First calculated the numerical value of the force on each element using the metamodel of the force on the premolded component as a function of flow front progression as illustrated in Figure 5 .
The following formulation based on small deformation theory was used to solve for the final deformation of the pin.
Where P (t) is the instantaneous force applied on the premolded component in the form of pressure. ∆(t) is the instantaneous total deformation on the pin. This relation is obtained from the structural simulations described in section 3.3. The instantaneous total pressure Satyandra K. Gupta MANU-09-1067 
The moment M(t) was calculated from Equation 3
Here f (a(t) − ν(x, t)) is the force per unit length on the pin as a function of flow front progression, a(t) is the actual flow front progression and ν(x, t) is the displacement of the center of the element of the deformed pin as shown in Figure 5 . This is obtained from the fluid simulations described in section 3.2
Finally, we solved for final deformations iteratively by discretizing the mesoscale pin is along its length into n elements. Subsequently the forward time marching was discretized into We integrated the force on the individual elements to evaluate the net effective force on the pin. We used this force to evaluate the overall deformation of the pin using the metamodel for deformation as a function of applied force. We marched the time forward based on the discretization timestep until the flow front reached the opposing flow. We determined this position using the metamodel for the weld-line location. This is because the two opposing polymer melt flows exert forces on the premolded component only while they are moving across the component. However, the flows come to a complete stop once they meet each other at the weld-line location. They then cease to apply any transverse force on the premolded component, and there is no further deformation of the premolded component.
Subsequently during the packing phase a uniform radial force is applied on the premolded component which does not cause any further transverse deformation. This concept is illustrated in Figure 6 . The residual deformation is purely plastic. This plastic deformation can then be used to determine whether the particular temporal misalignment can be used to manufacture acceptable in-mold assembled mesoscale revolute joints.
Experimental Setup
The revolute joint as shown in Figure 1 features an assembly formed by two mesoscale pins [6] . Owing to the inherent symmetry in the assembly, a design involving only one mesoscale pin will suffice for the purpose of this experimental study. This design helps in simplifying the experiment without any loss of information related to the actual mesoscale revolute joint. For this reason, we designed the first stage part to have only one mesoscale feature as Satyandra K. Gupta MANU-09-1067 Figure 7 to collect data related to the effect of temporal misalignment on the plastic deformation of the premolded component.
We designed the second stage mold to be modular in nature so as to collect data for different gate locations using the same mold. This mold is illustrated in Figure 8 . This We measured the deformation of the premolded component using the strategy illustrated in Figure 9 . To validate the quality of our experimental and computational results, we performed a sensitivity analysis by varying the diameter of the pin by 5% (diameter = 0.833 mm). We then measured the plastic deformation of the pin resulting from a temporal misalignment of 0.5 mm.
While choosing the material combination for in-mold assembly we took the following into consideration: (1) the melting temperatures of the premolded component and second stage polymer should be comparable, and (2) The strength of the cold weld-line for the second Satyandra K. Gupta MANU-09-1067 Figure 10 .
The strain sensor consisted of a cylindrical structure with a diameter of 3.175 mm connected to a cantilever beam. As the force is applied on the cylindrical structure by the second stage polymer melt flow, the cantilever beam connected to it deforms. We mounted a strain gauge on the cantilever beam to record these deformations. Figure 11 shows a picture of the strain sensor we used for the experiment. We used 031CF strain gages procured from Satyandra K. Gupta MANU-09-1067 Figure 11 : Surrogate strain sensor made of a metallic cantilever beam 
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Vishay Micro-Measurements for the experiment. These strains were then used to calculate the actual force applied on the premolded component by the second stage polymer melt.
Results and Discussion
Experiments were conducted on a Milacron Babyplast injection molding machine. Acry- The processing parameters that we used are described in Table 1 . Figure 12 shows a successfully in-mold assembled mesoscale revolute half joint fabricated using the bi-directional filling strategy discussed in this paper. The gates were positioned exactly equidistant from the mesoscale feature on the premolded component for this particular half joint, i.e., there was no temporal misalignment. Subsequently we conducted experiments to measure the plastic deformation of the premolded component by varying the gate misalignment temporally.
In order to develop a computational model of the plastic deformation of the premolded component, we used the methodology described in Section 3. We modeled the non-Newtonian viscous properties of Nylon using a cross-WLF viscosity model. The properties of the Nylon 12 that we used are listed in Table 2 . We subsequently conducted CFD simulations in Satyandra K. Gupta MANU-09-1067 strain sensor, the flow hits the wall on the strain sensor. This is shown in Figure 11 . After this point, the strain measurements become intrusive from the in-mold assembly perspective.
These results are discussed more from the perspective of predicting plastic deformation later in this section.
After confirming the accuracy of the force prediction for low values of deformation experimentally, a metamodel of the resulting deformation of a premolded ABS component was developed as a function of the force applied by the second stage polymer melt flow. In order to develop the metamodel for the deformation using ANSYS FE simulations, the effective force was modeled as a pressure distribution using the equation described in the Figure 5 .
We used the non-linear properties of the stress strain curve of ABS from [6] . For calculating the effect of force on the deformation of the premolded component, we have assumed that the premolded component does not thermally soften due to the second stage melt flow. This is because of the following reason. We have shown in our previous work [6] that structural Satyandra K. Gupta MANU-09-1067 The iterative strategy described in section 3.5 was then employed to obtain the net plastic deformation of the premolded component as a function of the temporal misalignment of gates.
In order to confirm the convergence of our solution, we varied the number of discretization elements for the pin (n) and the number of timesteps (T ) until we achieved mesh independence. The final mesh independence for a convergence of 0.05% final deformation was achieved at n = 20 and T = 100. Then we solved this iteratively to computationally obtain the final plastic deformation of the premolded components as a function of the gate misalignment. Figure 15 illustrates the experimental results and the corresponding computaSatyandra K. Gupta MANU-09-1067 To check the sensitivity of the computational model to the pin diameter, we verified the computational model for a pin diameter of 0.833 mm. This is illustrated in Figure 16 . We Figure 16 and the experimental results led us to conclude that the computational model does not undergo significant deviations for small changes in pin diameter.
Hence the model is stable with respect to pin diameter.
As can be seen in Figure 15 , the computational model is in reasonable agreement with the experimental values of plastic deformation when the temporal misalignment is kept low.
We verified this experimentally for two different values of pin diameters. For low values of temporal misalignment, the plastic deformation decreases for increasing pin diameter. How- This phenomenon is observed because the fluid flow model used to predict the forces on the premolded component assumes the premolded component to be a rigid structure. Hence the structure in the computational model provides a higher resistive force. However, the premolded polymer component will be experiencing substantial deformation as the force builds up from the interaction with the second stage polymer melt. This deformation will deform the structure into the flow in order to resist drag force, thus the true force on the premolded component is expected to be lower compared to that predicted by the computational model. This deformation becomes substantial, which is evident from the deformed part in Figure 15 when the weld line location is greater than 1 mm. This resistive force and the disagreements between the predictive forces and real forces are expected to be more prevalent when the deformations of the premolded component are higher. This happens at higher values of flow front progression or temporal misalignment. This theory is reinforced by the previous online strain measurements reported in Figure 13 .
In traditional assembly process, deformations in the pin would significantly affect the functionality of the joint by causing non-uniform clearance in the joint (Figure 17 (a) ).
Fortunately, pin deformation does not affect the joint clearance in the in-mold assembled joint. The hole forms in-situ around the deformed pin ( Figure 17 (b) ). The joint continues to function well despite the deformed pin as long as the pin deformation is not excessive.
During the joint rotation, the pin simply elastically deforms to match the hole shape as the pin rotates in the hole. This operation is similar in nature to the operation of a flexible shaft. Our observations indicate that pin deformations that are comparable to pin diameter do not pose any functional problems. Hence, the ability to estimate pin deformation with the 10% accuracy is quite useful in this case.
From the functionality point of view of the revolute joint two things need to be considered to determine the acceptable levels of deviations from straightness. These are 1) the force required to elastically deform the pin-hole assembly so that actuation is possible and 2) the amount of deviation which will keep deformations in the part during actuation within This modeling strategy can therefore be used as a design tool to select the acceptable level of gate misalignment for manufacturing in-mold assembled mesoscale revolute joints using the bi-directional filling strategy.
Conclusions
This paper establishes the technical feasibility for using bidirectional flow of second stage polymer melt for manufacturing in-mold assembled mesoscale revolute joints to facilitate the miniaturization of devices. We have described a mold design template for successfully manufacturing in-mold assembled mesoscale revolute joints which: (1) can be used with-out radial supports, and (2) can be used for polymer combinations having similar melting points. This paper is also the first attempt at studying the effect of temporal misalignment of gates on the plastic deformation of premolded components. Our results indicate that mesoscale premolded components are highly sensitive to the temporal misalignment of the gates. This paper reports methods to find the temporal misalignment which can be tolerated during manufacturing of functional mesoscale revolute joints using the bi-directional filling approach.
A computational modeling approach is developed to solve this complex physical problem by employing metamodels of decoupled systems, and subsequently obtaining a solution using iterative techniques. We have demonstrated this approach for predicting plastic deformations of premolded components as a function of the gate misalignment. This paper is also the first attempt at experimentally recording the force on a mold piece as a result of the polymer melt flow. The experimental results clearly indicate drag force to be responsible for causing plastic deformation of premolded components during second stage polymer melt flow.
Advances reported by this work can be used by researchers to predict forces and the corresponding deformations on the mold inserts during injection molding for in-mold assembly.
Methods presented in this work can be used by manufacturers as a generalized tool to select the right mold design parameters and processing parameters for realizing molds based on bi-directional filling strategy. The modeling approaches presented in the paper can also be 
